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Abstract 

' ^ ' This Letter reports on a first measurement of the inclusive M^+jets cross section in proton-proton collisions at a centre-of- 
Qj mass energy of 7 TeV at the LHC, with the ATLAS detector. Cross sections, in both the electron and muon decay modes 
JL pf the W boson, are presented as a function of jet multiplicity and of the transverse momentum of the leading and next- 
to-leading jets in the event. Measurements are also presented of the ratio of cross sections (t(V7-|- > n)/a{W+ > n — 1) 
^or inclusive jet multiplicities n — 1—4. The results, based on an integrated luminosity of 1.3 pb~^, have been corrected 
'""'for all known detector effects and are quoted in a limited and well-defined range of jet and lepton kinematics. The 
measured cross sections are compared to particle-level predictions based on perturbative QCD. Next-to-leading order 
^ calculations, studied here for n < 2, are found in good agreement with the data. Leading-order multiparton event 

generators, normalized to the NNLO total cross section, describe the data well for all measured jet multiplicities. 
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1. Introduction 

The study of massive vector boson {V, where V = W 
or Z) production in association with one or more jets 
'(y-|-jets) is an important test of quantum chromodynam- 
ics (QCD). In addition, y-fjets processes are a significant 
background to studies of Standard Model processes such 
as ti or single-top production, as well as searches for the 
Higgs boson and for physics beyond the Standard Model. 
Measurements of the cross section and kinematic prop- 
erties of y-|-jets processes and comparisons to theoretical 
predictions are therefore of significant interest. This Letter 
reports on a first measurement at the Large Hadron Col- 
lider (LHC) of the M^-|-jets cross section in proton-proton 
(pp) collisions at a centre-of-mass energy (y/s) of 7 TeV, 
in both electron and muon decay modes of the M^-boson, 
with the ATLAS detector. The measurement is based on 
an integrated luminosity of approximately 1.3 pb^-'^. 

The cross section measurements are presented as a func- 
tion of jet multiplicity and of the transverse momentum 
(pt) of the leading and next-to- leading jets in each event. 
Measurements are also presented of the ratio of cross sec- 
tions a{W+ > n)/a{W+ > n — 1) for inclusive jet mul- 



tiplicities n = 1—4. The results have been corrected for 
all known detector effects and are quoted in a limited and 
well-defined range of jet and lepton kinematics, fully cov- 
ered by the detector acceptance, so as to avoid model- 
dependent extrapolations and to facilitate comparisons with 
theoretical predictions. Previous measurements of W^-fjets 
production in proton-antiproton collisions at ^/s = 1.96 
TeV were published by the CDF Collaboration [l|. Theo- 
retical calculations at next-to-leading-order (NLO) in per- 
turbative QCD (pQCD) have been computed for up to four 
jets for W production [2l,l3|. Comparisons are made in this 
Letter with NLO pQCD calculations for n < 2; higher jet 
multiplicities are compared only to leading-order (LO) cal- 
culations. 

2. The ATLAS Detector 

The ATLAS detector consists of an inner tracking 
system (inner detector, or ID) surrounded by a thin super- 
conducting solenoid providing a 2T magnetic field, electro- 
magnetic and hadronic calorimeters and a muon spectrom- 
eter (MS). The ID consists of pixel and silicon microstrip 
(SCT) detectors, surrounded by the transition radiation 



Preprint submitted to Physics Letters B 



February 18, 2011 



tracker (TRT). The electromagnetic calorimeter is a lead 
liquid-argon (LAr) detector. Hadron calorimetry is based 
on two different detector technologies, with scintillator- 
tiles or LAr as active media, and with either steel, copper, 
or tungsten as the absorber material. The MS is based 
on three large superconducting toroids arranged with an 
eight-fold azimuthal coil symmetry around the calorime- 
ters, and a system of three stations of chambers for the 
trigger and for precise measurements. The nominal pp in- 
teraction point at the centre of the detector is defined as 
the origin of a right-handed coordinate system. The posi- 
tive X-axis is defined by the direction from the interaction 
point to the centre of the LHC ring, with the positive y- 
axis pointing upwards, while the beam direction defines 
the z-axis. The azimuthal angle (f) is measured around 
the beam axis and the polar angle 9 is the angle from the 
z-axis. The pseudorapidity is defined as r; = — lntan(6'/2). 

3. Simulated Event Samples 

Simulated event samples were used for most of the 
background estimates, for the correction of the signal yield 
for detector effects and for comparisons of the results to 
theoretical expectations. The detector simulation was 
performed using GEANT4 [7]. The simulated event sam- 
ples are summarised in Table [T] The ALPGEN samples 
were generated with the MLM matching scheme [3| and 
interfaced to HERWIG v6.510 ^Qj] for parton shower and 
fragmentation processes and to JIMMY v4.31 for un- 
derlying event simulation. Parton density functions (PDF) 
were: CTEQ6L1 [IH for the ALPGEN and SHERPA sam- 



ples, MRST 2007LO 
^ for FEWZ 



IJ for PYTHIA, and MSTW2008 



IJ. For the POWHEG samples, the PDF 



set was CTEQ6.6M ^] for the NLO matrix element cal- 
culations, while CTEQ6L1 was used for the parton show- 
ering and underlying event via the POWHEG interface to 
PYTHIA. The radiation of photons from charged leptons 
was treated in HERWIG and PYTHIA using PHOTOS 
V2.15.4 le^. TAUOLA vl.0.2 Tt^ was used for tan decays. 
The underlying event tune was the ATLAS MC09 tune [ill 
for the ALPGEN samples, PYTHIA inclusive vector boson 
production, and PYTHIA QCD samples. The POWHEG 
sample used the ATLAS MC09 tune with one parame- 
ter adjusted0 The AMBTl ^ tune was used for the 
PYTHIA M^-|-jets samples. The samples generated with 
SHERPA used the default underlying event tune. Samples 
were generated with minimum bias interactions overlaid on 
top of the hard-scattering event in order to account for the 
multiple pp interactions in the same beam crossing (pile- 
up) experienced in the data. The number of minimum bias 
interactions followed a Poisson distribution with a mean 
of two [i^l . These samples were then reweighted such that 
the distribution of the number of primary vertices matched 
that of the data. 



4. Data and Event Selection 

The data used in this analysis were collected from March 
to August 2010. Application of beam, detector, and data- 
quality requirements resulted in a total integrated lumi- 
nosity of 1.3 pb~^. The uncertainty on the luminosity 
determination is estimated to be 11% [2^. Criteria for 
electron and muon identification, as well as for event se- 
lection, followed closely those for the W boson inclusive 
cross section analysis [27|]. 

In the electron channel, a hardware-based level-one 
trigger system selected events containing one or more elec- 
tron candidates, based on the presence of a cluster in the 
electromagnetic calorimeter with a transverse energy (Et) 
greater than 14 GeV; this is the only difference in the elec- 
tron channel with respect to the W inclusive cross sec- 
tion analysis, and was motivated by the fact that, for this 
larger dataset, this trigger was the lowest-threshold, useful 
electromagnetic trigger without any additional higher-level 
trigger requirements. The impact of the trigger efficiency 
was negligible for electrons with Et > 20 GeV. In the 
offline analysis, electrons were required to pass the stan- 
dard "tight" electron selection criteria [27| with Et > 20 
GeV and |?7| < 2.47; electrons in the transition region be- 
tween the barrel and endcap calorimeter (1.37 < \ri\ < 
1.52) were rejected. Events were also rejected if there was 
a second electron passing the "medium" electron selection 
criteria [27| and the same kinematic selections as above. 

In the muon channel, the hardware-based trigger se- 
lected events containing one or more muon candidates, 
based on hit patterns in the MS, corresponding to pt > 10 
GcV. Offline, the muons were required to be identified in 
both ID and MS subsystems and to have pr > 20 GeV and 
\r]\ < 2.4. The ID track was required to have > 2 hits in 
the pixel detector, > 6 hits in the SCT and, for tracks 
with 1 77 1 < 2.0, > 1 hit in the TRT. The muon impact 
parameter with respect to the primary vertex (20| was re- 
quired to be < 0.1 mm and < 10 mm in the r — cj) and 
r — z planes, respectively. The first of these requirements 
was added to further reduce non-prompt muons from de- 
cays of hadrons, and muons from cosmic rays. The differ- 
ence between the ID and MS pt, corrected for the mean 
energy loss in upstream material, was required to satisfy 
|p!jP — I < 0.5 X pjp . Compared to the criteria used in 



^The cutoff for multiple parton interactions, PARP(82), was ad- 
justed from 2.3 to 2.1 GeV, suitable for the CTEQ6L1 PDF. 



Ref . |27| , this scaled requirement reduced the background 
from decays-in-flight of hadrons and improved the signal 
efficiency at high pT- As in Ref. |27[, the muons were 
required to be isolated, following a track-based isolation, 
but the cone size was reduced from AR = 0.4 to Ai? = 0.2 
(where Ai? = a/ (Ar/)^ + (A0)2 of the muon) and the iso- 
lation requirement was changed from T,p}p /pT < 0.2 to 
EpJjP < 1.8 GeV to improve the QCD background rejec- 
tion. With these optimised cuts, the QCD background was 
reduced by a factor of 1.7 for the inclusive 1-jet sample. 
In addition, a number of requirements were added on the 
tracks inside the isolation cone: the difference between the 
z position of the track extrapolated to the beam line and 
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Table 1: Signal and background simulated event samples used in this analysis, including the production cross section (multiplied by the relevant 
branching ratio, BR). The variable px is the average px of the two outgoing partons involved in the hard-scattering process, evaluated before 
modifications from initial- and final-state radiation and from the underlying event. The W inclusive cross section is given at next-to-next- 
to- leading-order (NNLO), the cross section is given at next-to- leading-order (plus next-to-next-to- leading-log, NNLL), and the dijet cross 
sections are given at leading-order (LO) in pQCD. The VF-|-jets and Z+]ets samples were normalised using the inclusive cross sections. For 
PYTHIA, the inclusive W sample is based on a 2 — > 1 matrix element merged with a 2 — >■ 2 matrix element and a leading-logarithmic parton 
shower; the VF+jets samples are based on 2 — 2 matrix elements. Details of PDF sets, final-state photon radiation, and underlying event 
tunes are given in the text. 



the z coordinate of the primary vertex was required to be 
< 1 cm, and the total number of hits in the pixel and SCT 
detectors was required to be > 4. These additional require- 
ments further improved the rejection of QCD background. 
Events were rejected if there was a second muon passing 
the same kinematic selections and isolation requirements 
as above. 

The calculation of missing transverse energy (E^^^^) 
and transverse mass (Mr) followed the prescription in 



Ref. [27[. Mt was defined by the lepton and neutrino 



Pt as Mt = y2p^p!^{l — cos((/)^ — (j)")), where the {x,y) 
components of the neutrino momentum were inferred from 
the corresponding E^^^^ components. E^^^^ was calcu- 
lated from the energy deposits of calorimeter cells inside 
three-dimensional clusters [28]. These clusters were then 
corrected to take into account the different response to 
hadrons compared to electrons or photons, as well as dead 
material and out-of-cluster energy losses [29| . In the muon 
channel, E^^^^ was corrected for the muon momentum. 
Events were required to have E™^^^ > 25 GeV and Mt > 
40 GeV. After requiring > 1 primary vertex with > 3 asso- 
ciated tracks in the event, the primary vertex was required 
to be within 150 mm along the beam direction relative to 
the centre of the detector. In events with multiple vertices 
along the beam axis, the vertex with the largest S^t of 
associated tracks was taken as the primary event vertex. 
Starting from approximately 9.6 x 10^ triggered events in 
each of the electron and muon channels, these selection 
criteria reduced the sample to 4216 and 4911 events, re- 
spectively. 

Jets were reconstructed using the anti-fct algorithm [30| 
with a radius parameter R = 0.4 (sij. The efficiency for 
reconstructing jets was found to be approximately 98% in 
simulation for jet pT of 20 GeV, rising to close to 100% 



efficiency for 30 GeV jets. Jets arising from detector noise 
or cosmic rays were rejected 32|. To take into account 
the differences in calorimeter response to electrons and 
hadrons, a pt- and ?7-dependent factor, derived from sim- 
ulated events, was applied to each jet to provide an aver- 
age energy scale correction [sij back to particle-level. Jets 
were required to have |?7| < 2.8 and pr > 20 GeV. All jets 
within AR < 0.5 of an electron or muon (that passed the 
lepton identification requirements) were removed, regard- 
less of the jet Pt or 77. 

Jets from pile-up interactions were removed by a cut 
on the jet- vertex fraction {JVF) which was computed for 
each jet in the event. After associating tracks to jets with 
a simple matching in Ai?(track, jet), requiring AR < 0.4, 
the JVF was computed for each jet as the scalar sum 
Pt of all matched tracks from the primary vertex divided 
by the total jet-matched track pT from all vertices. Jets 
which fell outside of the fiducial tracking region {\r]\ < 2.5) 
or which had no matching tracks were not considered for 
the JVF cut. Jets for which JVF < 0.75 were rejected. 
The application of the JVF cut reduced the sensitivity 
of the measured jet multiplicity distribution to additional 
jets from pile-up. 

5. Signal and Background Yields 

The major background processes in the electron chan- 
nel are QCD and leptonic backgrounds. The latter con- 
sist oi W ^ TV where the tau decays to an electron, 
Z ^ ee where one electron is not identified and hadronic 
energy in the event is mismeasured, and semileptonic tt de- 
cays [tt hbqq'ev). The QCD background in the electron 
channel has two components, one where a hadronic jet 
passes the electron selection and additional energy mis- 
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measurement in the event results in large i?™'^**, and the 
other where a bottom- or charm-hadron decays to an elec- 
tron. For the muon channel, the main backgrounds arise 
from semileptonic heavy flavour decays in multijet events 
and from the leptonic background from the following sources: 
W ^ TV where the tau decays to a muon, Z — > /i/i where 
one muon is not identified, and semileptonic tt decays in 
the muon channel. The contributions of single-top and di- 
boson production to the measured cross section have been 
estimated to be slightly smaller than the W ti/ back- 
ground, and are not subtracted from the data. 

The number of leptonic background events surviving 
the above selection cuts was estimated with simulated event 
samples: ALPGEN for vector boson samples (PYTHIA 
was used for W ^ tu + jets) and POWHEG for ti back- 
ground. The simulated leptonic background samples were 
normalised to the integrated luminosity of the data using 
the predicted NNLO or NLO+NNLL cross sections. The 
number of QCD background events was estimated by fit- 
ting, in each jet multiplicity bin, the E!^^^^ distribution 
in the data (without the E!f^^^ and Mt cuts) to a sum 
of two templates: one for the QCD background and an- 
other which included signal and the leptonic backgrounds. 
In both muon and electron channels, the shapes for the 
second template were obtained from simulation. In the 
electron channel, the template for the QCD background 
was obtained from the data because the mechanisms by 
which a jet fakes an electron are difficult to simulate. This 
template was derived from a data sample where looser 
electron identification criteria were applied on the shower 
shapes and the track-cluster matching requirements were 
inverted. The QCD background was computed from the 
results of the template fit. In the electron channel, the fit 
was performed in the region E^^^^ > 10 GeV due to the 
poor understanding of the background below 10 GeV. The 
fit to the E™^^^ distribution was used only to determine 
the QCD background normalisation, taking into account 
contributions from leptonic background and signal in the 
low E^^^^ region. The M^-|-jet signal yield for the cross 
section calculation was derived as the difference between 
the observed number of events in the signal region and 
the sum of background components. Figure [T] shows the 
^miss distribution for events with one jet, with the fitted 
contributions from all background sources in the electron 
and muon channels respectively, after all the other selec- 
tion requirements (except for the Mt cut) have been ap- 
plied. The residual difference in E^^^^ between the data 
and the QCD template in the control region is covered 
by the systematic uncertainties. The number of observed 
events and the estimated number of background events are 
summarised in Table [21 

The yield of signal events was corrected back to the par- 
ticle level, taking into account detector and reconstruction 
efficiency. The dominant corrections in the electron chan- 
nel come from electron reconstruction efficiency (w 20% 
correction). In the muon channel, the dominant correc- 
tions come from trigger and reconstruction efficiency (cor- 



rections of w 10 — 20% and w 10% respectively). The 
corrections were computed using the ALPGEN W^-|-jets 
event generator plus full detector simulation, restricting 
the events to the same phase space as the data analysis. 
The phase space requirements were applied to generated 
quantities. In this analysis, particle-level jets were con- 
structed in simulated events by applying the jet finder to 
all final state particles (excluding muons and neutrinos) 
with a lifetime longer than 10 ps, whether produced di- 
rectly in the pp collision or from the decay of particles 
with shorter lifetimes. Correction factors were computed 
as one-dimensional functions of jet multiplicity and pt of 
the leading and next-to-leading jets, and were treated as 
independent. Migration of events across bins of jet pt was 
made small compared to the statistical uncertainty by se- 
lecting the bin widths to be at least a factor of two larger 
than the jet pt resolution [sij. Tests with simulated data 
showed that these correction factors were sufficient to re- 
cover particle-level distributions. To treat the effect of 
final state QED radiation, the energy of the generated lep- 
ton was defined as the energy of the lepton after radiation 
plus the energy of all radiated photons within AR = 0.1 
around the lepton. 

The correction factor for the trigger efficiency was ob- 
tained directly from the data as follows. In the electron 
channel, events were triggered either by an independent 
E^^^^ trigger or a loose electron trigger with an approx- 
imately 5 GeV threshold. The full VF-|-jets selection was 
carried out in essentially the same way as described above 
in order to isolate a pure electron sample. The main differ- 
ence was in the QCD background estimation, which was 
done with templates for the shape of the electron isola- 
tion distribution, where the isolation variable was defined 
as the sum of transverse energy in a cone of AR = 0.4 
around the electron divided by the transverse energy of the 
electron. These templates were obtained by inverting one 
or more of the electron shower shape requirements. The 
electron trigger efficiency was found to be close to 100% 
in both data and simulation. In the muon channel, the 
trigger efficiency was computed with a sample of unbiased 
offline reconstructed muons from Z — > /i/i decays. Average 
trigger efiiciencies of 82.0 ± 1.4% and 86.9 ± 0.1% were ob- 
tained in data and simulation, respectively; the difference 
between data and simulation comes from a mismodelling 
of both the efficiency of the forward muon chambers and 
of the programming of the muon trigger electronics. The 
trigger efficiency (and its uncertainty) from the data was 
used for the correction factor. 

6. Systematic Uncertainties 

The primary sources of systematic uncertainty in the 
cross section for both electron and muon channels are un- 
certainties in the integrated luminosity and in the jet en- 
ergy scale [sij. In the electron channel, the uncertainty 
due to the QCD background shape is also important. Both 
electron and muon channels are affected by uncertainties 
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Figure 1: Results of fitting the signal and background templates to the i?™'^^ distribution in the electron (left) and muon (right) channels for 
the 1-jet bin. In the electron channel, 

QCD background template in the electron channel which was obtained from the data. 



in the lepton reconstruction efficiency. The luminosity un- 
certainty enters primarily through the signal normalisa- 
tion but also has an effect on the estimation of the lep- 
tonic backgrounds; the luminosity uncertainty is therefore 
larger in the muon channel. 

Uncertainties in the jet energy scale (JES) and jet en- 
ergy resolution ( JER) were determined primarily from sim- 
ulations [3l|. The JES uncertainty varies as a function of 
jet pt and 77, and ranges from around 10% at 20 GeV to 
about 8% at 100 GeV. The JER uncertainty is 14% of the 
jet energy resolution. To take into account the differences 
in calorimeter response to quark- and gluon-initiated jets, 
an additional uncertainty of 5% was added in quadrature 
to the JES uncertainty, based on the average difference in 
simulation of the calorimeter response between jets in the 
Ty-|-jets samples compared to those in the dijet samples 
(on which the JES calibration is based). Uncertainties in 
the JES due to nearby jets in VF-|-jets events were also 
studied but found to be small. To estimate the impact of 
the JES uncertainty, jet energies in the simulated events 
were shifted by the JES uncertainty, and the E^^'^'^ vec- 
tor was recomputed. In addition, calorimeter clusters not 
associated to a jet or electron, such as those coming from 
the underlying event, were scaled using a px-dependent 
uncertainty 27[, ranging from ±20% for pT — 500 MeV to 
±5% at high px- Similarly the jet energies were smeared 
with a Gaussian representing the JER uncertainty and the 
^miss ye(,^o]- -^3,8 recomputed. The full analysis was re- 
peated with these variations, and the cross sections were 
recomputed; the change in the cross section was taken as 
the systematic uncertainty. The impact of the JES and 
^miss uncertainties on the cross section uncertainty was 



approximately 10%. 

A significant source of uncertainty in the electron chan- 
nel is the potential bias in the sample selection for building 
the template shape of the QCD background; with the cur- 
rent selection requirements, the contribution from semilep- 
tonic heavy flavour decays is underestimated. The size of 
the effect was determined with simulated events by com- 
paring the background estimates from two templates: one 
based on the electron selection used for this cross section 
measurement and the other based on the selection used for 
the QCD background estimation in the electron channel. 
The resulting uncertainty on the QCD background esti- 
mate, including significant contributions from the limited 
statistics of the simulated event samples, was as high as 
50%, but the effect on the cross section for the inclusive 
1-jet bin was about 5%. The fit region for the QCD back- 
ground was varied by ±5 GeV to account for shape differ- 
ences in the low E^^'^^ region; the resulting uncertainty on 
the cross section was 1 — 2%. 

The uncertainty in the electron identification efficiency 
was taken from the inclusive cross section measurement 
(27l |. By examining the reconstruction efficiency in simu- 
lated events as a function of the AR separation between 
the jet and the electron, the reconstruction efficiency was 
found to be consistent with the value in Ref . [l^l • Further- 
more, in the region AR > 0.5, the efficiency was found to 
be constant as a function of AR and as a function of jet 
multiplicity. The uncertainty in the muon reconstruction 
efficiency was estimated by comparing the efficiency mea- 
sured with simulated events to that measured in the data 
with muons from Z iifi decays, following a method 
similar to that described in Ref. j27j . The resulting uncer- 
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Table 2: Summary of background yields and observed number of events for the electron and muon channels with systematic uncertainties, 
excluding the luminosity uncertainty. Statistical uncertainties are negligible compared to systematic uncertainties. The uncertainty in the 
backgrounds due to the luminosity uncertainty is 11% for all backgrounds except for the QCD background, since it was normalised to the 
data. The measurement was not performed in the inclusive 4-jet bin in the electron channel because of the poor signal-to-background ratio. 



tainties in the cross section were approximately 5.5% in 
both electron and muon channels. 

Other uncertainties which were considered include the 
trigger efhciency, jet reconstruction efficiency, lepton mo- 
mentum scale and resolution, pile-up, and biases in the 
procedure for correcting for detector effects (for example, 
by comparing correction factors obtained with ALPGEN 
to those obtained with SHERPA) . Their effect on the cross 
section was found to be smaller than the uncertainties de- 
scribed above. For example, the uncertainty on the elec- 
tron energy resolution was based on extrapolations from 
test-beam measurements 27| and had a < 0.1% effect on 
the cross section. All of the above systematic uncertain- 
ties (except for the bias in the template shape for the QCD 
background in the electron channel) were also applied to 
the estimates of the QCD and leptonic backgrounds in 
both electron and muon channels. In addition, for the 
leptonic backgrounds the uncertainty in the NNLO cross 
sections was taken to be 5% for W/Z production as in 
Ref. [27]. The tt cross section uncertainty was taken to be 
approximately 7%, amounting to the sum in quadrature 
of PDF uncertainties (3%) and uncertainties estimated 
by varying renormalisation and factorisation scales (6%) 

The systematic uncertainties in the cross section mea- 
surement are summarised in Table [3] for A'jot > 1; most 
of the uncertainties are approximately independent of jet 
multiplicity, except for the uncertainty due to the jet en- 
ergy scale and resolution, and the QCD background in the 
electron channel. The dominant systematic uncertainties 
are shown as a function of jet multiplicity and leading jet 
Pt in Figured] Both distributions are similar for electron 



and muon channels; the uncertainty is therefore shown as 
a function of jet multiplicity for the electron channel and 
as a function of leading jet for the muon channel. The 
main contribution to the other uncertainties in the elec- 
tron channel comes from the QCD background (especially 
at high jet multiplicities), the electron identification effi- 
ciency and the electron energy scale. For the muon chan- 
nel, the main contribution is from the muon reconstruction 
efficiency. 

In the cross section ratio measurement, the uncertainty 
due to the jet energy scale uncertainty remains the domi- 
nant effect, amounting to approximately 10% on the ratio. 
The luminosity uncertainty does not completely cancel in 
the ratio because the background estimates are affected by 
the luminosity uncertainty and the background levels vary 
as a function of jet multiplicity. 

7. Results and Conclusions 

The measured M^+jets cross section (multiplied by the 
leptonic branching ratio) and the cross section ratios are 
shown as a function of corrected jet multiplicity in Ta- 
bles ID and [5] respectively, as well as in Figures [3] and H) 
The measurement was not performed in the inclusive 4-jet 
bin in the electron channel because of the poor signal-to- 
background ratio. The cross sections are quoted in the lim- 
ited kinematic region: E}^ > 20 GeV, {tfl < 2.8, > 20 
GeV, |?7°| < 2.47 (excluding 1.37 < < 1.52), jry'^l < 2.4, 

> 25 GeV, Mt > 40 GeV, Ai^'J > 0.5, where £, j and 
v denote lepton, jet and neutrino, respectively. The quan- 
tities p!^, 1 77^ I, and Mr include the energy of all radiated 
photons within AR = 0.1 around the lepton. The W^+jets 
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e channel 



Effect 


Range 


Cross Section 
Uncertainty (%) 


Jet energy scale and E"™'^*^ 


±10% (dependent on jet r] and pt) © 5% 


+11, -9 


Jet energy resolution 


14% on each jet 


±1.0 


Electron trigger 


±0.5% 


TO.7 


Electron identification 


±5.2% 


T5.5 


Electron energy scale 


±3% 


+3.9, -4.7 


Pile-up removal cut 


4 — 7% in lowest jet px bin 


±1.9 


Residual pile-up effects 


from simulation 


±2.2 


QCD background shape 


from template variation 


-1.5, +5.2 


Luminosity 


±11% 


-10, +13 



/i channel 



Effect 


Range 


Cross Section 
Uncertainty (%) 


Jet energy scale and Elf^^^ 


±10% (dependent on jet rj and pr) ® 5% 


+ 11, -9 


Jet energy resolution 


14% on each jet 


±1.8 


Muon trigger 


±2.5% in barrel, ±2.0% in endcap 


+1.6 


Muon reconstruction 


±5.6% 


-5.4, +5.9 


Muon momentum scale 


±1% 


+2, -0.9 


Muon momentum resolution 


±5% in barrel, ±9% in endcap 


±1.4 


Pile-up removal cut 


4 — 7% in lowest jet pT bin 


±1.7 


Residual pile-up effects 


from simulation 


±1.4 


Luminosity 


±11% 


-11, +13 



Table 3: Summary of the systematic uncertainties in the cross section. The uncertainties are shown only for Njct > 1. The sign convention 
for the JES and lepton energy scale uncertainties is such that a positive change in the energy scale results in an increase in the jet or lepton 
energy observed in the data. 



cross section (times leptonic branching ratio) is shown as a 
function of the pt of the leading and next-to-leading jets in 
the event in Figure [5] the leading jet is shown for iVjct > 1 
and the next-to- leading jet is shown for A^jot > 2. 

Also shown in Figures [21 SI and [5] are particle-level ex- 
pectations from PYTHIA, ALPGEN and SHERPA sim- 
ulations as well as a calculation using MCFM v5.8 [35| . 
PYTHIA is LO, while ALPGEN and SHERPA match higher- 
multiplicity matrix elements to a leading-logarithmic par- 
ton shower; these predictions have been normalised to the 
NNLO inclusive W production cross section. The version 
of MCFM used here provides NLO predictions at parton 
level for W boson production with Nj^t < 2; only leading- 
order predictions are available for W + three jets. No 
additional normalisation was applied to the MCFM pre- 
dictions. 

The MCFM results were obtained with the same jet 
algorithm and same kinematic selection requirements as 
applied to the data. Renormalisation and factorisation 
scales were set to Ht/2, where i?T is the scalar sum of the 
Pt of the unclustered partons and of the lepton and neu- 
trino from the W decay. The PDFs were CTEQ6L1 ^ 
and CTEQ6.6M ^ for the LO and NLO calculations, 
respectively. Corrections for hadronisation and underly- 
ing event were computed with PYTHIA as a function of 



leading and next-to- leading jet px- Hadronisation and un- 
derlying event corrections ranged from —10% to —4% and 
+10% to +4%, respectively, for jet pr ~ 20 GeV to jet 
Pt > 80 GeV. The partial cancellation of hadronisation 
and underlying event corrections Q results in an overall 
correction of approximately 4%. The effect of final state 
QED radiation from the electron or muon was computed 
with PYTHIA and ALPGEN (both using PHOTOS) and 
with SHERPA, comparing the acceptance before radiation 
with the acceptance after radiation, but summing up the 
photons within AR = 0.1 around the lepton. This fac- 
tor (~ 1 — 2%) was applied as a correction to the MCFM 
prediction. 

The systematic uncertainty in the MCFM cross sec- 
tions due to fragmentation was estimated by comparing 
PYTHIA with HERWIG. Underlying event uncertainties 
were estimated by comparing the AMB Tl 19| event gen- 
erator tune with the tune from JIMMY [10'| as well as by 
varying the AMBTl tune to increase the underlying event 
activity by approximately 10%. Renormalisation and fac- 
torisation scale uncertainties were estimated by varying 
the scales, in all combinations, up and down, by factors 
of two. PDF uncertainties were computed by summing in 
quadrature the dependence on each of the 22 eigenvectors 
characterising the CTEQ6.6 PDF set; the uncertanty in 
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Figure 2: Summary of the systematic uncertainties on tiie cross section measurement shown as a function of jet multipUcity in the electron 
channel (left) and leading-jet px in th^ muon channel (right). The jet energy scale uncertainty includes the uncertainty on i?™""'. The 
main contribution to the "sum of other uncertainties" in the electron channel comes from the QCD background (especially at high jet 
multiplicities), the electron identification efficiency and the electron energy scale. For the muon channel, the main contribution is from the 
muon reconstruction efficiency. 




Figure 3: W+jets cross-section results as a function of corrected jet multiplicity. Left: electron channel. Right: muon channel. The cross 
sections are quoted in a limited and well-defined kinematic region, described in the text. For the data, the statistical uncertainties are shown 
by the vertical bars, and the combined statistical and systematic uncertainties are shown by the hashed regions. Note that the uncertainties 
are correlated from bin to bin. Also shown are predictions from PYTHIA, ALPGEN, SHERPA and MCFM, and the ratio of theoretical 
predictions to data (PYTHIA is not shown in the ratio). The theoretical uncertainties are shown only for MCFM, which provides NLO 
predictions for Nj^t < 2 and a LO prediction for iVjet = 3. 
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Jet 
multiplicity 


W eiy (nb) 


MCFM 
W ^ eiy (nb) 


W ^ fif (nb) 


MCFM 
W ^ (nb) 


> 


4.53 ±0.07 +"-35 




4.58 ± 0.07 ±;;j« 


r 97+0.11 
— 0.32 


> 1 


o.84±o.o3t°:i^t°:;,^ 


o.8ii;^:l]l 


0.84 ± 0.03 


0.84t°;°I 


> 2 


0.21 ± 0.01 1°:;;^ t^ol 


21+" *'i 

'-'•^^-0.02 


0.23 ± 0.02 


0.21±°;0i 


> 3 


0.047 ±0.007t°:S]}ttS]Z 


0.05 ±0.02 


0.064 ± 0.008 tSi-.Slt +0.010 


0.05 ±0.02 


> 4 






0.019 ±0.005 ±0.006 tg;^^3 





Table 4: The measured cross section times leptonic branching ratio for Vl^+jets in the electron and muon channels as a function of corrected 
jet multiplicity with (in order) statistical, systematic, and luminosity uncertainties. The cross sections are quoted in a limited and well-defined 
kinematic region, described in the text. The measurement was not performed in the inclusive 4-jet bin in the electron channel because of the 
poor signal-to-background ratio. Theoretical predictions from MCFM are also shown, with all uncertainties combined. MCFM provides NLO 
predictions for A/jet < 2 and a LO prediction for A/jct = 3. 



Jet 
multiplicity 


W ^ ev 


MCFM 
W ^ ev 


W ^ 


MCFM 
W ^lu 


> 1/ > 


0.185 ±0.007t^]!i^ 


U.it)y_o 005 


0.183 ±0.007tg:o2o 


160+°°°'^ 


> 2/ > 1 


0.250 ±0.019lEJ gi^ 


U.ZOO_o.022 


0.274 ±0.020j;g:J5i^ 


255+°-°" 

U.ZOO_o.o21 


> 3/ > 2 


0.224 ± 0.037 ±0.022 


241+°-i°^ 


0.278 ± o.o4it^:g^;^ 


242+°-i°-* 

U.Z'iZ_o.o61 


> 4/ > 3 






0.297 ±0.088t|5:o^^ 





Table 5: The measured cross section ratio for W+jets in the electron and muon channels as a function of corrected jet multiplicity with (in 
order) statistical and systematic uncertainties. The cross section ratios are quoted in a limited and well-defined kinematic region, described 
in the text. The measurement was not performed in the inclusive 4-jet bin in the electron channel because of the poor signal-to-background 
ratio. Theoretical predictions from MCFM are also shown, with all uncertainties combined. MCFM provides NLO predictions for A'jet < 2 
and a LO prediction for A^jct = 3. 



cks was also taken into account. An alternative PDF set, 
MSTW2008 [H, with its set of 68% C.L. eigenvectors was 
also examined, and the envelope of the uncertainties from 
CTEQ6.6 and MSTW2008 was taken as the final PDF 
uncertainty. The total resulting uncertainties are given in 
Tables Hand [51 

In conclusion, this Letter presents a measurement of 
the ly+jets cross section as a function of jet multiplic- 
ity in pp collisions at y/s = 7 TeV in both electron and 
muon decay modes of the W boson, based on an inte- 
grated luminosity of 1.3 pb^-'^ recorded with the ATLAS 
detector. Measurements are also presented of the ratio of 
cross sections a{W+ > n)/a{W+ > n — 1) for inclusive 
jet multiplicities n = 1 — 4, and of the px distribution 
of the leading and next-to-leading jets in the event. The 
results have been corrected for all known detector effects 
and are quoted in a limited and well-defined range of jet 



and lepton kinematics. This range is fully covered by the 
detector acceptance, so as to avoid mo del- dependent ex- 
trapolations and to facilitate comparisons with theoretical 
predictions. As expected, the PYTHIA samples consid- 
ered, which contain a 2 1 matrix element merged with 
a 2 — > 2 matrix element and a leading-logarithmic parton 
shower, dies not provide a good description of the data 
for jet multiplicities greater than one. Good agreement is 
observed with the predictions of the multi-parton matrix 
element generators ALPGEN and SHERPA. Calculations 
based on 0{a^) matrix elements in MCFM (available for 
jet multiplicities n < 2) are also in good agreement with 
the data. 
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Figure 4: 14^ +jets cross-section ratio results as a function of corrected jet multiplicity. Left: electron channel. Right: muon channel. The cross 
sections are quoted in a limited and well-defined kinematic region, described in the text. For the data, the statistical uncertainties are shown 
by the vertical bars, and the combined statistical and systematic uncertainties are shown by the hashed regions. Also shown are theoretical 
predictions from PYTHIA, ALPGEN, SHERPA, and MCFM. The theoretical uncertainties are shown only for MCFM, which provides NLO 
predictions for Nj^i < 2 and a LO prediction for Nj^t = 3. 



energy data-taking period as well as the support staff from 
our institutions without whom ATLAS could not be oper- 
ated efhciently. 

We acknowledge the support of ANPCyT, Argentina; 
YerPhI, Armenia; ARC, Austraha; BMWF, Austria; ANAS, 
Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; 
NSERC, NRC and CFI, Canada; CERN; CONICYT, Chile; 
CAS, MOST and NSFC, China; COLCIENCIAS, Colom- 
bia; MSMT CR, MPO CR and VSC CR, Czech Repub- 
hc; DNRF, DNSRC and Lundbeck Foundation, Denmark; 
ARTEMIS, European Union; IN2P3-CNRS, CEA-DSM / 
IRFU, France; GNAS, Georgia; BMBF, DEC, HGF, MPG 
and AvH Foundation, Germany; GSRT, Greece; ISF, MIN- 
ERVA, GIF, DIP and Benoziyo Center, Israel; INFN, Italy; 
MEXT and JSPS, Japan; CNRST, Morocco; FOM and 
NWO,Netherlands; RCN,Norway; MNiSW,Poland; GRICES 
and FCT, Portugal; MERYS (MECTS), Romania; MES of 
Russia and ROSATOM, Russian Federation; JINR; MSTD, 
Serbia; MSSR, Slovakia; ARRS and MVZT, Slovenia; DST 
/ NRF, South Africa; MICINN, Spain; SRC and Wal- 
lenberg Foundation, Sweden; SER, SNSF and Cantons 
of Bern and Geneva, Switzerland; NSC, Taiwan; TAEK, 
Turkey; STFC, the Royal Society and Leverhulme Trust, 
United Kingdom; DOE and NSF, United States of Amer- 
ica. 

The crucial computing support from all WLCG part- 
ners is acknowledged gratefully, in particular from CERN 
and the ATLAS Tier-1 facilities at TRIUMF (Canada), 
NDGF (Denmark, Norway, Sweden), CC-IN2P3 (France), 
KIT/GridKA (Germany), INFN-CNAF (Italy), NL-Tl (Netli 



lands), PIC (Spain), ASGC (Taiwan), RAL (UK) and 
BNL (USA) and in the Tier-2 facilities worldwide. 

References 

[1] CDF Collaboration, Measurement of the cross section for W- 

boson production in association with jets in pp collisions at 

yi= 1.96 TeV, Phys. Rev. D77 (2008) 011108. 
[2] R. K. Ellis, et al., VK -(- 3 jet production at the Tevatron, Phys. 

Rev. D 80 (2009) 094002. 
[3] C. F. Berger, et al., Precise predictions for W + 4: jet production 

at the Large Hadron Collider, arXiv:1009.2338 [hep-ph] (2010). 
[4] ATLAS Collaboration, The ATLAS Experiment at the CERN 

Large Hadron CoUider, JINST 3 (2008) S08003. 
[5] ATLAS Collaboration, Expected Performance of the ATLAS 

Experiment - Detector, Trigger and Physics, arXiv:0901.0512 

[hep-ex] (2009). 

[6] ATLAS Collaboration, The ATLAS Simulation Infrastructure, 
Eur. Phys. J. C (2010) 787. 

[7] S. AgostineUi, et al., GEANT4 - a simulation toolkit, Nucl. 
Inst, and Meth A506 (2003) 250. 

[8] J. Alwall, et al.. Comparative study of various algorithms for 
the merging of parton showers and matrix elements in hadronic 
collisions , Eur. Phys. J. C53 (2008) 473. 

[9] G. Corcella, et al., HERWIG 6.5: an event generator for Hadron 
Emission Reactions With Interfering Gluons (including super- 
symmetric processes), JHEP 0101 (2001) 010. 
[10] J. M. Butterworth, J. R. Forshaw, M. H. Seymour, Multiparton 
interactions in photoproduction at HERA, Z. Phys. C72 (1996) 
637. 

[11] J. Pumplin, et al., New generation of parton distributions with 
uncertainties from global QCD analysis, JHEP 07 (2002) 012. 

[12] A. Sherstnev, R. Thorne, Parton distributions for LO genera- 
tors, Eur. Phys. J. C55 (2008) 553. 

[13] A. D. Martin, W. J. Stirling, R. S. Thorne, G. Watt, Parton 

j._ distributions for the LHC, Eur. Phys. J. C63 (2009) 189. 



10 




Jet [GeV] Jet [GeV] 

Figure 5: W+jets cross-section as a function of the p-p of the two leading jets in the event. The p-p of the leading jet is shown for events with 
> 1 jet while the pT of the next-to-leading jet is shown for events with > 2 jets. Left: electron channel. Right: muon channel. The cross 
sections are quoted in a limited and well-defined kinematic region, described in the text. For the data, the statistical uncertainties are shown 
by the vertical bars, and the combined statistical and systematic uncertainties are shown by the hashed regions. Also shown are theoretical 
predictions from PYTHIA, ALPGEN, SHERPA and MCFM, and the ratio of theoretical predictions to data (PYTHIA is not shown in the 
ratio). The theoretical uncertainties are shown only for MCFM, which provides NLO predictions for Nj^t < 2 and a LO prediction for 

iVjet = 3. 



11 



K. Melnikov, F. Petriello, Electroweak gauge boson produc- 
tion at hadron colliders through 0(a?), Phys. Rev. D74 (2006) 
114017. 

P. M. Nadolsky, ct al., Implications of CTEQ global analysis 

for collider obscrvablcs, Phys. Rev. D78 (2008) 013004. 

P. Golonka, Z. Was, PHOTOS Monte Carlo: a precision tool for 

QED corrections in Z and W decays, Eur. Phys. J. C45 (2006) 

97. 

N. Davidson, et al.. Universal interface of TAUOLA technical 
and physics documentation, arXiv: 1002.0543 [hep-ph] (2010). 
ATLAS Collaboration, ATLAS Monte Carlo tunes 

for MC09, ATLAS-PHYS-PUB-2010-002 (2010). 

http: / /cdsweb.cern.ch/record/1247375. 

ATLAS Collaboration, Charged particle multiplicities in pp 
interactions at ^ = 0.9 and 7 TeV in a diilractive limited 
phase space measured with the ATLAS detector at the LHC 
and a new PYTHIA6 tunc, ATLAS-CONF-2010-031 (2010). 
http: / /cdsweb.cern.ch/record/ 1277665. 

ATLAS Collaboration, Performance of primary vertex re- 
construction in proton-proton collisions at y's = 7 TeV in 
the ATLAS experiment, ATLAS-CONF-2010-069 (2010). 
http: / /cdsweb.cern.ch/record/ 1281344. 

T. Sjostrand, S. Mrenna, P. Skands, PYTHIA 6.4 physics and 
manual, JHEP 05 (2006) 026. 

M. L. Mangano, et al., ALPGEN, a generator for hard multi- 
parton processes in hadronic collisions, JHEP 0307 (2003) 001. 
T. Gleisberg, et al.. Event generation with SHERPA 1.1, JHEP 
0902 (2009) 007. 

S. Frixione, P. Nason, C. Oleari, Matching NLO QCD compu- 
tations with parton shower simulationsithe POWHEG method, 
JHEP 11 (2007) 070. 

R. Bonciani, S. Catani, M. L. Mangano, P. Nason, NLL resum- 
mation of the heavy-quark hadroproduction cross-section, Nucl. 
Phys. B529 (1998) 424. 

ATLAS Collaboration, Luminosity Determination Using 
the ATLAS Detector, ATLAS-CONF-2010-060 (2010). 
http: / / cds web .cern.ch/record/1281333. 

ATLAS Collaboration, Measurement of the W ^ £u and 
Z ££ production cross-sections in proton-proton collisions 
at = 7 TeV with the ATLAS detector, arXiv:1010.2130 
[hep-ex] (2010). Accepted by JHEP. 

W. Lampl, et al.. Calorimeter Clustering Algorithms: De- 
scription and Performance, ATL-LARG-PUB-2008-002 (2008). 
http: / /cdsweb.cern.ch/record/1099735. 

T. Barillari, et al.. Local Hadron Calibration, ATL-LARG- 
PUB-2009-001 (2009). http://cdsweb.cern.ch/rccord/1112035. 
M. Cacciari, G. P. Salam, G. Soyez, The anti-fc* jet clustering 
algorithm, JHEP 04 (2008) 063. 

ATLAS Collaboration, Measurement of inclusive jet and dijet 
cross sections in proton-proton collisions at 7 TeV centre-of- 
mass energy with the ATLAS detector, arXiv:1009.5908 [hep- 
ex] (2010). Accepted by Eur. Phys. J. C. 

ATLAS Collaboration, Data-Quality Requirements and Event 
Cleaning for Jets and Missing Transverse Energy Reconstruc- 
tion with the ATLAS Detector in Proton-Proton Collisions at 
a Center-of-Mass Energy of = 7 TeV, ATLAS-CONF-2010- 
038 (2010). http://cdswcb.cern.ch/rccord/1277678. 
S. Moch, P. Uwer, Theoretical status and prospects for top- 
quark pair production at hadron colliders, Phys. Rev. D78 
(2008) 034003. 

M. Beneke, M. Czakon, P. Falgari, A. Mitov, C. Scliwinn, 
Threshold expansion of the gg{qq) — > QQ + X cross section 
at 0{ai), Phys. Lett. B690 (2010) 483. 

J. M. Campbell, R. K. Ellis, D. L. Rainwater, Next-to-leading 
order QCD predictions for W-|-2jet and Z-|-2jet production at 
the CERN LHC, Phys. Rev. D68 (2003) 094021. 



The ATLAS Collaboration 

G. Aad''^ B. Abbott"!, J. Abdallah", 

A. A. Abdelalim"*^, A. Abdesselam"*, O. Abdinov^^, 

B. Abi"^ M. Abolins^s, H. Abramowiczi^a^ jj. Abreu"^ 
E. Accrbi«9^'89b^ g_s^ Acharyai64a,i64b^ Ackers^^, 

D.L. Adams^", T.N. Addy5^ J. Adelman"^ 

M. Aderholz99, S. Adomeit9^ P. Adragna^^ T. Adye^^Q^ 

S. Acfsky22, J.A. Aguilar-Saavedrai24b.«, 

M. Aharrouche^i, S.P. Ahlen^i, F. Ahles''^ A. Ahmad^s, 

M. Ahsan^o, G. Aielli!33a,i33b^ Akdogan^^a^ 

T.P.A. Akcsson^^, G. Akimotol5^ A.V. Akimov 
M.S. Alami, M.A. Alam^^ S. Albrand5^ M. Aleksa^^, 
I.N. Aleksandrov^s, M. Alcppo^^a^sgb^ p_ Alessandria^''*, 

C. Alexa^^'", G. Alexander i^^, G. Alexandre''^, 
T. Alexopoulos", M. Alhroob^o, M. Alievl^ 

G. Alimonti*^^^, J. Alisoni^o^ M. Aliyev^o, P.P. AUport^^ 

S.E. Allwood-Spiers-'^-\ J. Almonds^, A. Aloisioi°2a,i02b^ 

R. Aloni^i, A. Aloriso™, J. Alonsol^ 

M.G. Alviggii02a,i02b^ Amako^e, P. Amaral^^, 

C. Amelung^^, V.V. Ammosov^^*, A. Amorim^^'''*''', 

G. Amoros^^^, N. Amram^"''', C. Anastopoulos^"^^, 

T. Andeen^^, C.F. Anders^", K.J. Anderson^o, 



A. Andre azz; 



,89a, 89b 



V. Andrei^^"", M-L. Andrieux' 



55 



X.S. Anduaga'''^, A. Angeranii'^'', F. Anghinolfi^^ , 

N. Anjos^^'''', A. Annovi'^'^, A. Antonaki^, M. Antonelli^'^, 

S. Antonellii9^'i9'^, J. Antos^^^b^ p_ Anulli"2a^ 

S. Aoun*3, L. Aperio Bella^, R. Apolle"*^, G. Arabidze^^, 

I. Aracenai'^^^ Y. Arai^^, A.T.H. Arce*^ 

J.P. Archambault^s, S. Arfaoui^^'^ J-F. Arguini", 

E. Arik^s*^'*, M. Arik^S'^, A.J. Armbruster^^, 
K.E. Arrns^"^, S.R. Armstrong^^, O. Arnaez^\ 

C. Arnaultl^^ A. Artamonov9^ G. Artonii32a,i32b^ 

D. Arutinov^o, S. Asai^5^ R. Asfandiyarov^^^^ S. Ask^^, 
B. Asmani^s^'i'*^'^, L. Asquith^ K. Assamagan^^, 

A. Astburyi'5^, A. Astvatsatourov^^, G. Atoian^'^^, 

B. Aubert*, B. Auerbach^^^^ E. Auge"^ K. Augsten^^^, 
M. Aurousseau'*, N. Austin''^, R. Avramidou^, 

D. Axeni68, c. Ay^^, G. Azuelos^^.'', Y. Azuma^^s, 
M.A. Baak^s, G. Baccaglioni^^*, C. Baccii3^'''i34b^ 
A.M. Bachi'*, H. Bachacoui^e^ K. Bachas^^, G. Bachy^^, 
M. Backes^s, E. Badescu^S'^, P. Bagnaia"2a,i32b^ 
S. Bahinipati^, Y. Bai^^*, D.C. Bailey T. Bainl5^ 
J.T. Bainesi29, O.K. Baker^^^^ S. Baker^^ 

F. Baltasar Dos Santos Pedrosa^^, E. Banas^^, 
P. Banerjee^s, Sw. Banerjee^^^, D. Banfi^^^^'^^'', 

A. Bangert"7, V. Bansal^^s, H.S. Bansili^, L. Baraki^i, 
S.P. Baranov'^^, A. Barashkou^^, A. Barbaro Galtierii"^, 
T. Barber^^, E.L. Barberio^^, D. Barberis^^'^'SO'', 

M. Barbero^o, D.Y. Bardin^^ T. Barillari^'', 
M. Barisonzii'''^, T. Barklow"^, N. Barlow^'', 

B. M. Barnett^^g^ Barnett", A. Baroncelli^^^'', 
A.J. Barr^^^, F. Barreiro**", J. Barreiro Guimaraes da 
Costa", P. BarriUoniis^ R. Bartoldus^'^^^ ^.E. Barton^S 
D. Bartsch^o, R.L. Bates^^, L. Batkova^^**, 

J.R. Batley^^, A. Battaglia^s, M. Battistin^^^, 

G. Battistoni89*, F. Bauer^^^ H.S. Bawa^^^^ B. Bearei^^^ 



12 



T. Beau^^ P.H. Beauchemin"^, R. Bccchcrle^°^, 
P. Bechtle^'i, H.P. Beck^^^ j^j Bcckingham^s, 
K.H. Becksi^4^ A.J. Beddall^^^ A. Bcddalli^c, 
V.A. Bednyakov^s, C. Bee^^^ M. Begel^^, 
S. Behar Harpaz^^^^ P.K. Behera^^^^ M. Beimforde'^Q, 

C. Belanger-Champagnei66, P.J. BeW^^, W.H. Bell^^ 
G. Bella^^^ L. Bellagamba^^'', F. Bellina^^, 

G. Bellomo^^'^'S^'^, M. Bellomo^^a^ a. BcUoni", 
K. Belotskiy^^ O. Beltramello^^, S. Ben Ami^''^^ 
O. Benary^^^, D. Bcnchekroun^^^'', C. Benchouk*^, 
M. Bendel8\ B.H. Bcnedictl'^^ N. Benekos^^^ 
Y. Benhammou^^"', D.P. Benjamin'*^, M. Benoit^^^, 
J.R. Bensingcr^^, K. Bcnslama^'^", S. Bentvclscn^°^, 

D. Bergc^*^, E. Bcrgeaas Kuutniann^^, N. Bcrgcr'', 
F. Bcrghaus^^^, E. Bcrglund**^, J. Bcringcr^^, 

K. Bcrnardot®-\ P. Bernat"^, R. Bcrnhard"**, 
C. Bernius24, T. Bcrry^^ A. Bcrtini^^'i'^'', F. BcrtincllP, 



F. Bcrtoluccii22a,i22b^ Bcsana 



89a, 89b 



, N. Bessoni36, 



S. Bcthkc'^^, W. Bhimji4'\ R.M. Bianchi^^, 

M. Bianco^2a,72b^ BicbcP, J. Bicsiada^^, 

M. Biglicttii-''2a,i32b^ jj Bilokon^^ M. Bindii^^^i^^^ 

A. Binguli^S C. Binii32a,i32b^ ^ Biscarati^^ U. Bitenc^^, 

K.M. Black^i, R.E. Blair^ J.-B. Blanchard"^ 

G. Blanchot^s, C. Blockcr22, J. Blocki'''^, A. Blondel'*^ 

W. Blum^i, U. Blumenschcin^^^ q j Bobbinklo^ 

V.B. Bobrovnikoyio^, A. Bocci'^'*, R. Bock^^, 

C.R. Boddy"«, M. Bochlcr^i, J. Bocki^^^ Boelaert^^, 

S. Boscr'^'^, J. A. Bogacrts^^, A. Bogdanchikov^o'^, 

A. Bogouch^o^*, C. Bohm^e^i, V. Boisvort^'^, T. Boldi<^2'% 

V. Boldea^S'^, M. Boonekampi^e, G. Boorman'^^ 

C.N. Boothi39, P. Boothi39 J.R.A. Boothi^ 



S. Bordoni"^^, C. Borcr^^, A. Boris( 



,128 



G. Borissov^^, 



I. Borjanovici2a, S. Borroni"2a,i32b^ Bosl°^ 

D. Boscherinii^'", M. Bosman", H. Boterenbroodl°^ 

D. Botterill^^^, J. Bouchami^'^, J. Boudreau^^^, 

E. V. Bouhova-Thacker^i, C. Boulahouachei^a, 

C. Bourdariosll^ N. Bousson^^^ A. Boveia^", J. Boyd^^, 
I.R. Boyko^^, N.I. Bozhkoi28^ j Bozovic-Jelisavcic^^^, 

J. Braciniki^ A. Braem^^, E. Brambilla72a,72b^ 
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